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SUMMARY 


Experimental values of shock shapes (a = 0° and 10°) and static aerodynamic 
coefficients (a = -4° to 12°) for cone half-angles of 30°, 45°, 60°, and 70° and 
nose bluntness ratios of 0, 0.25, and 0.50 are presented. Shock shapes were 
also measured at 0° angle of attack by using a flat-faced cylinder (90° cone) 
and a hemi spherically blunted cylinder (sphere) . All tests were conducted in 
helium (Y = 5/3) at a free-stream Mach number of 20.3 and a unit free-stream 
Reynolds number of 22.4 * io^ per meter. Comparisons between measured values 
and predicted values were made by using several numerical and simple engineering 
methods. 

Most of the numerical methods adequately predicted shock shapes and static 
aerodynamic coefficients for the cases to which they were applied. In general, 
the viscous solution of Kumar and Graves (AIAA Paper No. 77-172), which can also 
be used to calculate the flow field at various angles of attack, provided the 
best agreement with measured shock shapes where applicable. Barnwell's method 
(NASA TN D-6283) is inviscid, but it provided excellent agreement with measured 
shock shapes at various angles of attack on large half-angle blunt-nosed cones 
where viscous effects are negligible. Measured static aerodynamic coefficients 
for the 60° and 70° cones showed no effects of nose bluntness ratios, which indi- 
cates that entry probes using such geometries may be designed to meet other cri- 
teria such as heating or packaging constraints. 


INTRODUCTION 

Because of its high drag, efficient heat dissipation, and relatively large 
volume for payload, the large half-angle spherically blunted cone is an attrac- 
tive candidate for planetary entry probes. This simple shape served as the aero- 
shell configuration for the Viking Mars lander and the Venusian probe and will 
also be utilized for Jovian probes (refs. 1 to 3) . Ground-based experimental 
facilities cannot duplicate planetary entry flight conditions, but they are 
needed to provide a data base for validation of numerical techniques which can 
predict these conditions. Also, an experimental data base is needed for inputs 
to empirical techniques or correlation procedures (ref. 4) . A number of experi- 
mental studies have been performed for sharp and spherically blunted cones (e.g., 
refs. 5 to 9) , but little data exist for shock shapes and static aerodynamic 
coefficients for a complete range of entry-type geometries and angles of attack 
at high Mach numbers. Due to this lack of data, a comprehensive validation of 
numerical flow-field solutions has not been possible. 

The purpose of this report is to present a portion of the results from a 
study which is designed to establish a hypersonic data base for large half-angle 
spherically blunted cones over a range of ratios of specific heats and Mach num- 
bers. Also, the intent is to provide comparisons with several existing numerical 
techniques where possible. Experimental results presented herein are for sharp 
and spherically blunted cones having cone half-angles of 30°, 45°, 60°, and 70° 



and nose bluntness ratios of 0, 0.25, and 0.50. These configurations were tested 
over a range of angles of attack in the 22-inch aerodynamics leg of the Langley 
hypersonic helium tunnel facility at a Mach number of 20.3. Measurements include 
shock shapes at a = 0° and 10° and static aerodynamic coefficients for a = -4° 
to 12° in 2° increments. Shock shapes at 0° angle of attack for a 90° cone and 
and a sphere were obtained by using a flat-faced cylinder model and a hemispheri- 
cally blunted cylinder model. Comparisons between measured values and predicted 
values are made by using several numerical and simple engineering methods. 
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Newtonian pressure coefficient 
model base diameter, cm 
model length, cm 
local Mach number 
free-stream Mach number 
base pressure, kPa 
stagnation pressure, kPa 
free-stream static pressure, kPa 
free-stream dynamic pressure, kPa 
model base radius, cm 
model nose radius, cm 
nose bluntness ratio 

free-stream Reynolds number based on d 
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model base area, cm 2 

area over which is assumed to act, cm 2 

stagnation temperature, K 
free-stream velocity, m/sec 
cylindrical coordinates (fig. 1(a)) 
angle of attack, deg 
ratio of specific heats 

boundary-layer displacement thickness, cm 

distance between model surface and shock wave, measured parallel to 
model axis, cm (fig. 1(a)) 

cone half-angle, deg 

®det minimum cone half-angle for shock detachment, deg 

FACILITY AND TEST CONDITIONS 

Shock shapes and static aerodynamic coefficients were obtained from flow 
visualization and force and moment tests conducted in the 22-inch aerodynamics 
leg of the Langley hypersonic helium tunnel facility. Operation of this facil- 
ity and details of the flow characteristics are presented in reference 10. 

Check calibrations using the contoured nozzle have indicated no change in the 
flow conditions from those reported in reference TO. All tests were conducted 
at the following flow conditions: 

M = 20.3 
00 

Pt = 7000 kPa 

T t = 289 K 

R»,d = 0.57 x 1 0 6 (cones) 

R oo,d = 0* 4 3 x 10® (cylinders) 

MODELS 

Figure 1 (a) provides a general planform view and the dimensions of the 
12 cone models tested. These models were constructed from aluminum and have 
base diameters of approximately 5.08 cm. Cone half-angles of 30°, 45°, 60°, 
and 70° were examined and the nose bluntness ratios (0, 0.25, and 0.50) were 
varied for each cone half-angle. A flat-faced cylinder and a hemispher ically 
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blunted cylinder, having base diameters of approximately 3.81 cm (fig. 1(b)), 
were tested to provide shock shapes for a 90° cone and a sphere at a = 0°. A 
photograph of the cone models tested is shown in figure 2. The tapered cylindri- 
cal section extending behind the model forebody was designed to house the strain- 
gage balance. 


TEST METHODS 

Quantitative shock-shape measurements in the plane of symmetry for a = 0° 
and 10° were obtained by using the electron-beam fluorescence technique described 
in reference 11. Photographs of the models in the illuminated flow field were 
taken with a camera positioned with its optical axis normal to the plane of sym- 
metry. The angle of attack was set with a cathetometer before each run. Calcu- 
lations were made to determine the error introduced by using the conical field- 
of-view photographs for measuring shock shapes as opposed to a parallel-light, 
schlieren-type system. For the camera location (fig. 3) and for measurements 
less than 3.81 cm from the optical axis, this error was no more than 0.3 percent. 
The shock shapes were read manually from photographs similar to the one shown in 
figure 4 for 0 = 30°, r n / r b = 0.50, and a = 10°. The error in these measure- 
ments is estimated to be 2 percent of r]-,. Since the electron-beam illuminated 
flow in helium produces pink, purple, and blue colors, enlarged color photographs 
were used for the measurements to improve the contrast compared with the black 
and white photograph shown in figure 4. Shock-shape measurements A were made 
parallel to the model axis (see fig. 1(a)) and are presented in table I. For 
values of r/r]-, greater than 1.0, A was measured from an imaginary extension 
of the plane defined by the base of the model. 

Force and moment tests were performed with the models mounted on a sting- 
supported, five-component, strain-gage balance (no rolling-moment component) . 

The straight sting was attached to the angle-of-attack mechanism and data were 
obtained for 2° increments from -4° to 12°. The angle of attack was set opti- 
cally by using a point light source adjacent to the test section and a small 
lens-prism mounted on the rearward extension of the model. The image of the 
source was reflected by the prism and focused by the lens onto photoelectric 
cells aligned at calibrated intervals. As the reflected and focused light swept 
past each cell an electrical relay was energized and caused a high-speed digital 
recorder to sample and record the outputs of the strain-gage balance onto mag- 
netic tape. The accuracy of the angle of attack is estimated to be ±0.1°. All 
tests were conducted at a sideslip angle of 0°. Model base pressures were mea- 
sured at one location (see fig. 3) , and the axial-force coefficients are presented 
both with a base pressure correction CA,corr and without a base pressure correc- 
tion C A . 


The reference area for the models was the base area S and the reference 
length was the base diameter d. All pitching-moment data were reduced about the 
actual nose of each model. The estimated uncertainties in the measured static 
aerodynamic coefficients based on ±0.5 percent of the balance design loads are 
as follows: 
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± 0.010 

±0.005 

±0.005 



Table II presents the measured static aerodynamic coefficients, including the 
axial-force coefficient with the correction for base pressure. 


PREDICTION METHODS 

In terms of the Mach number between the shock wave and the body Mj , several 
flow combinations will occur for a = 0° and for the range of cone half-angles 
and nose bluntness ratios tested. For the sharp cone with 0 < (fig- 5(a)) 

the shock wave is attached and the local Mach number is supersonic. If 0 > 0det 
there will be subsonic flow over the entire body with the sonic line (locus of 
points for which M| =1) extending from the shock wave to the base of the body, 
as shown in figure 5(b). When the cone is spherically blunted and 0 « 0<a e t 
(fig. 5(c)), there is subsonic flow over the nose region and supersonic flow over 
the conical region. The sonic line extends from the shock wave to near the spher 
cone junction of the body. If 0 > 0det ( fi 9- 5(d)), subsonic flow occurs over 
the entire body (regardless of the nose bluntness) and the flow conditions are 
similar to those of figure 5(b) . The most complicated flow condition occurs when 
there is subsonic flow at the nose, but 0 is not small enough to allow the flow 
to become completely supersonic aft of the sphere-cone junction and not large 
enough to produce total subsonic flow in the shock layer (fig. 5(e)). The sonic 
line can assume several shapes for values of 0 in this range, including the 
one shown in figure 5(e). In helium at M^ = 20.3, reference 12 shows that 
0det is approximately 50.6°. For angles of attack other than 0°, several local 
flow combinations (including cross flow) occur over the body, depending on the 
combination of cone half-angle, nose bluntness, and angle of attack. 

A number of numerical methods were used to predict shock shapes and pressure 
coefficients for the configurations studied. These methods were used primarily 
because of their accessibility and because they covered the range of flow condi- 
tions being studied. No attempt was made to compare the numerical methods in 
terms of computer time required versus accuracy of results. In addition to using 
integrated pressure coefficients to determine predicted static aerodynamic coeffi 
cients, Newtonian values from reference 13 were also obtained for comparison. 

The following table lists the numerical methods used and indicates the local 
flow conditions (as previously described) to which they were applied: 


Method 

Reference 

a 

capability 

All 

supersonic 

All 

subsonic 

Subsonic nose r 
supersonic cone 

Subsonic nose, 
mixed on cone 

Method of lines 

14 

X 

X 




Kumar and Graves 3 

15 

X 



X 

X 

Lomax and Inouye 

16 




X 


Zoby and Graves 

17 




X 


3-D Blunt Body 

18 

X 



X 


Sutton 

19 



X 

X 

X 

Barnwell 

20 

X 


X 



South 

21 



X 



Gnof fo 

22 



X 




a Solution includes the effects of viscosity. 
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Although several of the preceding methods are described in reference 23, 
a brief description of each is presented in this paper for quick referral and 
to note any differences in their application. 


Method of Lines 

The method of lines (refs. 14 and 24) is a computational technique developed 
by E. B. Klunker, Jerry C. South, and Ruby M. Davis to determine the inviscid 
flow field about sharp-nosed conical configurations at incidence in a supersonic 
flow. The method, which makes use of the self-similarity property of conical 
flow, is applied to the nonlinear inviscid steady-flow equations. All but one 
of the independent variables in the partial differential equations are discret- 
ized so that a coupled system of approximate, simultaneous, ordinary differential- 
difference equations is obtained. Initial values of these differential-difference 
equations are determined from the shock relations after the shock shape is esti- 
mated or otherwise specified. The system of equations is integrated numerically 
from the shock wave toward the body, and an iterative process is utilized for 
adjusting the shock shape to satisfy the boundary condition of flow tangency on 
the body. 


Method of Kumar and Graves 

The method of Kumar and Graves (ref. 15) is used to compute hypersonic vis- 
cous flow over spherically blunted cones of large half-angle at small angles of 
attack in the plane of symmetry of the flow field. Time-dependent, viscous shock- 
layer equations in body-oriented coordinates are used to describe the flow field. 
The shock wave is treated as a discontinuity, across which the Rankine-Hugoniot 
relations are used to compute the flow conditions behind the shock. A time- 
marching, second-order-accurate , finite-difference method is used to solve the 
equations for a perfect gas. A fourth-order damping method is used to control 
the transient oscillations in the flow quantities. An analytical expression is 
given to determine the pressure in planes other than the symmetry plane. The 
results presented herein from this method were generated by Ajay Kumar, research 
associate with Old Dominion Research Foundation, Norfolk, Virginia. 


Method of Lomax and Inouye 

The method of Lomax and Inouye (refs. 16, 25, and 26) is used to calculate 
the inviscid flow field around blunt-nosed bodies at supersonic speeds. The 
equations of motion are solved numerically for plane or axisymmetric bodies at 
zero angle of attack and for a perfect gas or a real gas in thermodynamic equi- 
librium. An inverse finite-difference procedure is used for the subsonic- 
transonic region and the solution is iterated until the desired body shape is 
obtained. A solution is obtained that extends sufficiently far into the super- 
sonic region to provide initial conditions for a continuing analysis by the 
method of characteristics. 
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Method of Zoby and Graves 

This method (ref. 17) provides a rapid (in regard to computer time) approx- 
imate means for predicting perfect-gas, inviscid, supersonic, and hypersonic 
flow conditions about spheres, ellipsoids, paraboloids, and hyperboloids which 
may have conical afterbodies. An approximation is made to the normal momentum 
equation which allows an independent evaluation of the pressure throughout the 
shock layer. An iterative technique scales the shock to the specified body in 
the subsonic and low supersonic region of the flow field. In the downstream 
supersonic region, the shock shape is computed by a marching procedure for suc- 
cessive points. The shock wave is first assumed and then iterated upon until 
the specified body is obtained. 


3-D Blunt Body Method 

This method, which is similar to the one described in reference 18, is a 
time-dependent, finite-difference technique from which the three-dimensional, 
inviscid flow field about smooth bodies, both axisymmetric and nonaxisymmetr ic, 
can be computed. Steady-flow solutions are obtained by starting with an initial 
guess and allowing computations to proceed until no changes with time are 
observed. 


Sutton's Method 

A detailed description of Sutton's method for a fully coupled solution of 
the radiative flow field about an ablating entry body is given in reference 19. 
For this method, the flow field is separated into an inner viscous layer and 
an outer inviscid layer. Both laminar and turbulent boundary layers can be con- 
sidered, and the inviscid flow field is solved by using a second-order time- 
asymptotic procedure. Thermochemical equilibrium properties are determined for 
a given gas from the elemental mass fraction and two state properties (pressure 
and enthalpy) . Although several program options are available, the results pre- 
sented herein correspond to an inviscid flow-field solution for a perfect gas. 
The results from this method were generated by Kenneth Sutton of the Langley 
Research Center . 


Barnwell's Method 

Barnwell's method (refs. 20 and 27) is a two-step, time-dependent procedure 
of second-order accuracy for computing the inviscid adiabatic flow at supersonic 
and hypersonic speeds about plane and axisymmetric bodies with sharp corners and 
about smooth nonaxisymmetr ic bodies. A finite-difference scheme is used at the 
surface of the body and between the shock and the surface. The program may be 
used for a perfect gas or for thermochemical-equilibrium airflow and is formu- 
lated so that input for y may be given one value in the free stream and another 
value in the post-shock region. This input capability for y provides real-gas 
phenomena approximations with perfect-gas models. Steady-flow results are 
approached asymptotically after many time steps. 
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South's Method 


This method (ref. 21) provides rapid, approximate calculations for axi- 
symmetric supersonic inviscid flow of a perfect gas past blunt bodies with sonic 
corners. Numerical solutions are obtained for the system of differential equa- 
tions derived from the one-strip method of integral relations. This method can 
also be applied to sharp-nosed bodies by assuming a small nose bluntness that 
approaches the sharp case. 


Gnoffo's Method 

This method (ref. 22) is a modification of a two-strip method of integral 
relations. The results presented herein from this method were generated by 
Peter A. Gnoffo of the Langley Research Center. 


RESULTS AND DISCUSSION 

In the figures containing measured and predicted shock shapes, the symbol 
size is approximately 2 percent of the model base radius (the estimated error 
in measuring these values) . The symbols which indicate the values of the mea- 
sured static aerodynamic coefficients are sized according to the balance 
uncertainties. 


Shock Shapes for 0° Angle of Attack 

Sharp cones with attached shocks .- Measured and predicted shock shapes for 
6 = 30° and 45° (figs. 6(a) and (b)) show the straight shock wave that is 
obtained when the local Mach number is supersonic. The inviscid methods of 
references 12 and 14 underpredict the slope of the shock by about 1° for both 
cone half-angles. An undocumented, laminar, similar-boundary-layer solution 
written by Ralph D. Watson of the Langley Research Center was used to calculate 
the displacement thicknesses for these two cases. The predicted values account- 
ing for the boundary-layer displacement thicknesses were in excellent agreement 
(within 2 percent) with the measured shock shapes (figs. 6(a) and (b)). 

Sharp cones with detached shocks .- For 0 = 60° and 70° (figs. 6(c) and (d)), 
the shock wave is detached and the local Mach number is subsonic. The method of 
reference 21 was used to predict the shock shapes for the sharp cones by inputting 
a nose bluntness ratio of 0.01. Except in the stagnation region, good agreement 
(within 5 percent) with the measured shock shapes from the present investigation 
was obtained for both cone half -angles. 

Other experimental data were available for comparison with the 0 = 70° case 
(fig. 6(d)). In the stagnation region, the measured values from reference 5 dif- 
fer from those of the present investigation by as much as 10 percent. Measured 
values from the results of reference 7 agree within 4 percent with the results of 
the present investigation. (The results from ref. 7 in fig. 6(d) were read from 
original schlieren negatives by the present authors.) 
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Blunted cones with subsonic nose regions and supersonic conical regions .- 
Measured and predicted shock shapes for the spherically blunted cones are pre- 
sented in figure 7. For 9 = 30° and r n /r b = 0*25 and 0.50 (figs. 7(a) 
and (b)), the local flow is subsonic in the nose region and supersonic in the 
conical region as indicated by the predicted (ref. 19) sonic line. Excellent 
agreement between measured and predicted values is observed in the upstream 
region for x/r b < 0.6 (fig. 7(a)). Only the viscous solution of reference 15 
continues to agree with the measurements in the downstream region, which indi- 
cates that viscous effects occurring in the region aft of the spherical nose 
affect the shock shape. 

The comparison for 9 = 30° and r n /r b = 0.50 (fig. 7(b)) is essentially 
a resolution of the nose region from the 0.25 nose bluntness case, since all the 
prediction techniques are scaled by r n . The viscous solution of reference 15 
underpredicts the measured values just aft of the sphere-cone junction and then 
approaches the measurements again toward the rear of the body. The underpredic- 
tion in the sphere-cone junction region is possibly due to the differencing tech- 
nique used in this area where the slope of the body surface is discontinuous. 

The inviscid method of reference 19 provides excellent agreement with measured 
values, but at the very rear of the body the predictions of this method begin to 
approach predictions by the other three inviscid methods as the comparisons 
become similar to those for the 0.25 nose bluntness case of figure 7(a). 

Blunted cones with sonic lines aft of the spherical nose .- Subsonic and 
supersonic flow occurs in the local flow field downstream of the spherical nose 
for the 45° cone (figs. 7(c) and (d) ) . For both nose bluntness ratios, the pre- 
dicted (refs. 15 and 19) and measured shock shapes are in excellent agreement 
in the nose region, but the inviscid method of reference 19 underpredicts the 
shock location in the downstream region, as was observed previously for 9 = 30° 
(figs. 7 (a) and (b) ) . 

As shown by the sonic lines (predicted by ref. 20) in figures 7(e) , (f) , 

(g) , and (h) , the entire local flow field is subsonic for 9 = 60° and 70° and 
r n / r b = 0.25 and 0.50. For 9 = 60° and r n /r b = °*25 (fig. 7(e)), only the 
method of reference 20 provides excellent agreement with the measured shock loca- 
tions over the entire body. The other methods (refs. 19, 21, and 22) slightly 
underpredict the measured values in the nose and corner regions. All four methods 
show good to excellent agreement with measurement for 9 = 60° and r n /r b = 0.50 
(fig. 7(f)), except for the methods of references 19 and 21 which underpredict 
the measurements in the nose region by approximately 10 percent. In figure 7(g) 
for 9 = 70° and rn/rj., = 0.25, the method of reference 20 provides good agree- 
ment in the nose region with the agreement improving farther downstream. The 
method of reference 19 underpredicts the stagnation-point standoff distance by 
about 6 percent but shows excellent agreement downstream also. Both integral 
methods (refs. 21 and 22) tend to underpredict the entire shock shape (by as much 
as 10 percent in the stagnation region and at the corner), and the one-strip 
method of reference 21 provides the closer prediction of the measured values. 

For 9 =70° and r n /r b = 0.50 (fig. 7(h)), the shock shape is underpredicted 
by all four methods, except in the corner region, where references 19 and 20 
provide good agreement. 
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Shock shapes measured using a flat-faced cylinder to represent a 90° cone 
at 0° angle of attack are compared with the experimental data of reference 5 and 
three predictions in figure 8. There is excellent agreement between the mea- 
sured values in the stagnation region, but they differ by approximately 11 per- 
cent in the corner region of the flow field. The method of reference 20 pro- 
vides good agreement {within 5 percent) with values measured in the present 
investigation; however, these measured values are underpredicted by the methods 
of references 21 and 22 by as much as 15 percent. 

The excellent agreement between measured and predicted shock shapes for 
the sphere shown in figure 9 is expected since all the predictions have been 
shown to provide excellent agreement in nose regions for 0 < 8ci e f The under- 
prediction by the method of reference 17 is probably due to approximations made 
to the normal momentum equation in that method. The results of figure 9 are 
similar to those presented in reference 23 from tests conducted in the Langley 
6-inch expansion tube for a free-stream Mach number of 6.02 in helium. 


Shock Shapes for 10° Angle of Attack 

Sharp cones with attached shocks .- Results from reference 14 are compared 
with measurements for the 30° cone at 10° angle of attack in figure 10(a). The 
straight shock waves on both the windward and leeward sides indicate that the 
local flow field is completely supersonic. As observed for a = 0° (fig. 6(a)), 
reference 14 underpredicts the measured shock shapes. The underprediction is 
worse on the leeward side where viscous effects are more pronounced. 

For the 45° cone at 10° angle of attack (fig. 10(b)), the local flow field 

on the windward side becomes subsonic since the effective cone half-angle exceeds 

®det* By running the program of reference 14 (which is applicable only for 

> 1 ) for small increments of angle of attack, the predicted local flow first 

went subsonic on the windward side at approximately 4.2° angle of attack. On 

the leeward side, the local flow is supersonic and the shock shape is underpre- 
dicted by reference 14, as was the case for the 30° cone. 

Sharp cones with detached shocks .- Because the numerical methods used in 
this study were not applicable for sharp cones with detached shocks at 10° angle 
of attack, only the experimental values are shown in figures 11(a) and (b) . 

Blunted cones with subsonic nose regions and supersonic conical regions . - 
Predicted shock shapes from references 15 and 18 are compared with measured values 
for 9 = 30° and r^r)-, = 0.25 and 0.50 (figs. 12(a) and (b) ) . The two methods 
agree with one another and with measured values in the nose region for both nose 
bluntness ratios. The viscous solution of reference 15 is in excellent agreement 
(within 2 percent) with measurement in the downstream region for r n /rb = 0.25, 
whereas values from reference 18 underpredict the measurements by as much as 
10 percent at r/r^ = 1.0. For r n /rb = 0.50 (fig. 12(b)), measurement and pre- 
diction are in good agreement in the nose region and along the windward side; 
however, both numerical methods underpredict the measured shock shapes along 
the leeward side. This underprediction by the viscous solution of reference 15 
is similar to the results shown in figure 7(b) for the same sphere-cone at 
a = 0°. 
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Blunted cones with sonic lines aft of the spherical nose .- Except in the 
most downstream region (figs. 12(c) and (d) ) , the viscous method of reference 15 
provided excellent agreement with measured values for 9 = 45° and r n Ab = 0.25 
and 0.50. 

For 9 = 60° and r n /rb = 0.25 and 0.50 (figs. 12(e) and (f)), the shock 
shapes predicted by reference 20 are in excellent agreement with the measure- 
ments. This method also provides excellent agreement with measured values for 
9 = 70° and both nose bluntness ratios (figs. 12(g) and (h) ) , except in the 
stagnation region for r n /rfo = 0.50 (fig. 12(h)), where the measured values 
are underpredicted. 


Measured and Predicted Static Aerodynamic Coefficients 

Measured values of aerodynamic coefficients from reference 6 and predicted 
values based on Newtonian theory (ref. 13) and the method of lines (ref. 14) 
are compared with values measured in this investigation for the 30° sharp cone 
(fig. 13(a)). Excellent agreement between the present normal-force and pitching- 
moment coefficients and those of reference 6 are observed, but the difference in 
measured axial-force coefficients is approximately 4 percent. Both prediction 
methods provide excellent agreement with measured values except for the predic- 
tion of the axial-force coefficient by the method of reference 13. 

For the 45° sharp cone (fig. 13(b)), the method of reference 13 predicts 
the normal-force and pitching-moment coefficients but, as shown for the 30° sharp 
cone, underpredicts the axial-force coefficient. The predicted values from ref- 
erence 14 show excellent agreement with measured values for all three coefficients 
up to an angle of attack of approximately 4°, which is the maximum angle of attack 
for local supersonic flow on the windward side. 

Measured values from reference 6 as well as predicted values from refer- 
ences 13 and 21 are presented for the 60° sharp cone in figure 13(c). The axial- 
force and normal-force coefficients from reference 6 are in good agreement with 
data from this investigation; however, the difference in pitching-moment coeffi- 
cients between reference 6 and the present results is approximately 35 percent 
for a = 10°. Newtonian theory (ref. 13) overpredicts both C N and Cjj, and 
underpredicts by approximately 5 percent at a = 0°. Excellent agreement 

is observed between measured at a = 0° and the value predicted by the 

method of reference 21 . There is excellent agreement between measurement and 
prediction for the sharp 70° cone (fig. 13(d)). The only exception is the axial- 
force coefficient, which the method of reference 13 overpredicts by approximately 
4 percent. 

Comparisons between measured and predicted (refs. 13, 15, and 19) static 
aerodynamic coefficients for 9 = 30° and r n /rb = 0.25 (fig. 14(a)) are in 
excellent agreement except for the overprediction of by the method of ref- 

erence 15 for angles of attack in excess of 6°. The divergent character of the 
predicted C& for this case is caused by unrealistically high pressure coeffi- 
cients which are obtained when the cross-flow velocity derivative on the leeward 
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side becomes large (unbounded) as the angle of attack is increased. For a nose 
bluntness of 0.50 and 0 = 30° (fig. 14(b)), there is excellent agreement between 
measurement and prediction except for the axial-force coefficient. Newtonian 
theory (ref. 13) overpredicts the measured values by as much as 14 percent at 
a = 0°. The method of reference 15 tends to follow the proper trends but over- 
predicts by more than 10 percent for the higher angles of attack. At 

a = 0° the prediction by reference 19 is excellent. 

Again, for 0 = 45° and r n /rb = 0.25 and 0.50 (figs. 14(c) and (d) ) , 
there is excellent agreement between measured and predicted normal-force and 
pitching-moment coefficients, but there is some disagreement for the axial-force 
coefficient. For r n /rb = 0.25 (fig. 14(c)), the method of reference 15 and 
the point calculated by the method of reference 19 are in excellent agreement 
with the axial-force coefficients for -4° ^ a ^ 4°, and Newtonian values under- 
predict by about 8 percent in this area. For r n /rb = 0.50 (fig. 14(d)), 

the value predicted by the method of reference 19 and the Newtonian predictions 
(ref. 13) are in excellent agreement with measured axial-force coefficients for 
-4° < a < 8°. The method of reference 15 shows good agreement for -4° ^ a S 4°. 

Similar comparisons are shown in figures 14(e) and (f) for 0 = 60° and 
r n / r b = 0.25 and 0.50. The predictions of references 13 and 20 show fair agree- 
ment with measured normal-force coefficients over the range of a tested and 
measured pitching-moment coefficients for -4° < a < 6°, but poor agreement (not 
better than 10 percent) with measured pitching-moment coefficients for a > 8°. 
Except for the values predicted by reference 13, there is good to excellent agree- 
ment with measured axial-force coefficients by all the prediction methods. 

Similar comparisons are also shown for 0 = 70° and r n /rb =0.25 and 0.50 
(figs. 14(g) and (h) ) . In general, there is excellent agreement between predic- 
tion and measurement; however, C m is under predicted by the method of refer- 
ence 20, and C& is overpredicted by the method of reference 13. 


The Effects of Nose Bluntness on Static Aerodynamic Coefficients 

The static aerodynamic coefficients that were obtained experimentally for 
0 = 30° and all three nose bluntness ratios are presented in figure 15. The 
pitching-moment coefficient is relatively sensitive to nose bluntness, increas- 
ing nose bluntness producing less nose-down pitch (less positive static stabil- 
ity) . The normal-force and axial-force coefficients are relatively insensitive 
to the increase in the nose bluntness ratio from 0 to 0.25, but a nose bluntness 
ratio of 0.50 is shown to increase the axial-force coefficient and decrease the 
normal-force coefficient at the higher angles of attack. 

For the cones with 0 = 45°, 60°, and 70° (figs. 16, 17, and 18, respec- 
tively) , only the axial-force coefficient for 0 = 45° at small angles of attack 
is sensitive to the change in nose bluntness, increasing bluntness resulting in 
decreasing axial-force coefficient. These results indicate that the nose blunt- 
ness of proposed planetary probes employing large cone half-angles can be based 
on other design requirements such as heating or packaging constraints. 
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CONCLUDING REMARKS 


Shock shapes for sharp and spherically blunted cones having cone half- 
angles of 30°, 45°, 60° , and 70° and nose bluntness ratios of 0, 0.25, and 0.50 
were obtained for a = 0° and 10° in Mach 20.3 helium flow. Static aerodynamic 
coefficients from a = -4° to 12° were also measured for the family of cone 
models. The measured results were compared with predicted values obtained from 
several numerical solution methods and simple engineering methods. 

For sharp cones with attached shock waves, the method of lines (NASA 
TR R-374) generally underpredicted the measured shock shapes for both angles of 
attack. Calculating the boundary-layer displacement thickness and adding that 
to the original body to get an equivalent shape resulted in excellent agreement 
between measured and predicted values. For spherically blunted cones with sub- 
sonic nose regions, and either supersonic or mixed subsonic and supersonic flow 
over the cone, all predictions of the shock shapes in the nose regions were 
excellent. In the downstream regions, the viscous solutions of Kumar and Graves 
(AIAA Paper No. 77-172) showed significantly better agreement with measured values 
than the other (inviscid) numerical methods. For the spherically blunted cones 
with sonic corners, Barnwell's method (NASA TO D-6283) provided good agreement 
with measured shock shapes for both nose bluntness ratios for a = 0° and 10°. 

Newtonian predictions (NASA TR R-127) showed excellent agreement with mea- 
sured normal-force and pitching-moment coefficients for all nose bluntness ratios 
and all cone half-angles except 60°. Axial-force Newtonian predictions did not 
agree with measured results. Static aerodynamic coefficients predicted by the 
method of lines are in excellent agreement with measured values for the region 
of applicability (sharp cones with local Mach number in excess of unity) . The 
viscous solution of Kumar and Graves showed excellent agreement with both normal- 
force and pitching-moment coefficients over the range of angles of attack for 
0 = 30° and 45°, and r n / r b = °*25 and 0.50; however, this method tended to become 
divergent and began to overpredict measured axial-force coefficients for increased 
nose bluntness, cone half-angle, and angle of attack. Barnwell's method followed 
the proper trends for all static aerodynamic coefficients but showed generally 
fair to poor agreement with measured values except for its prediction of axial- 
force coefficients for 0 = 60° and 70° and Zr\/ r b = 0*25 and 0.50. Predictions 
of the axial-force coefficients by those methods which were limited to a = 0° 
were good to excellent in all cases. 

The effects of nose bluntness on the static aerodynamic coefficients for 
the 60° and 70° cones were essentially negligible. These findings indicate that 
the selection of the nose bluntness for proposed planetary probes employing large 
cone half -angles can be based on other design requirements such as heating or 
packaging constraints. The experimental data base should now be extended to 
include other Mach numbers and ratios of specific heats, so that existing numer- 
ical techniques might be completely evaluated. Also, heat transfer tests are 
needed as part of the data base to provide evaluation for the viscous solutions 
which are now available. 

Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
January 19, 1979 
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326 .337 .362 .393 .418 .443 .466 .483 .498 .513 .525 .496 .468 .429 



























































TABLE II.- MEASURED STATIC AERODYNAMIC COEFFICIENTS 


(a) 


6 = 30 


a, deg 



C N 

c A,corr 

c A 

Cm 

r nAb = 0 

-4 

-0.1098 

0.5446 

0.5420 

0.0868 

-2 

-.0603 

.5455 

.5432 

.0487 

0 

-.0029 

.5459 

.5441 

.0031 

2 . 

.0507 

.5439 

.5417 

-.0379 

4 

.0953 

.5433 

.5406 

-.0750 

6 

.1517 

.5420 

.5391 

-.1195 

8 

.2006 

.5425 

.5396 

-.1569 

10 

.2586 

.5393 

.5365 

-.2026 

12 

.3080 

.5359 

.5331 

-.2421 

r n/ r b “ 0*25 

-4 

-0.1018 

0.5361 

0.5342 

0.0698 

-2 

-.0509 

.5364 

.5345 

.0352 

0 

-.0037 

.5403 

.5386 

.0038 

2 

.0570 

.5380 

.5362 

-.0368 

4 

.1104 

.5363 

.5344 

-.0721 

6 

.1566 

.5365 

.5345 

-.1022 

8 

.2099 

.5360 

.5338 

-.1379 

10 

.2581 

.5376 

.5353 

-.1720 

12 

.3027 

.5391 

.5365 

-.2026 

r n/ r b =0.50 

-4 

-0.0898 

0.5602 

0.5521 

0.0564 

-2 

-.0490 

.5550 

.5474 

.0315 

0 

.0019 

.5540 

.5468 

-.0009 

2 

.0472 

.5541 

.5467 

-.0286 

4 

.0981 

.5609 

.5531 

-.0596 

6 

.1375 

.5611 

.5531 

-.0817 

8 

.1734 

.5648 

.5567 

-.1039 

10 

.2188 

.5729 

.5644 

-.1306 

12 

.2628 

.5801 

.5712 

-.1567 
















TABLE II.- Continued 


(b) 6 = 45° 


a, deg 

C N 

^Ajcorr 



>V r b = 0 

-4 

-0.0649 

1 .0953 

1.0849 

0.0454 

-2 

-.0270 

1 .1086 

1 .0990 

.0196 

0 

.0054 

1.1043 

1 .0952 

-.0024 

2 

.0376 

1.1030 

1 .0933 

-.0250 

4 

.0694 

1 .0951 

1 .0848 

-.0468 

6 

.0970 

1 .0796 

1 .0692 

-.0644 

8 

.1254 

1 .0611 

1 .0509 

-.0843 

10 

.1552 

1.0396 

1 .0300 

-.1055 

12 

.1887 

1 .0119 

1 .0029 

-.1306 

r n/ r b “ 0*25 

-4 

-0.0740 

1 .0872 

1 .0764 

0.0483 

-2 

-.0326 

1 .0918 

1 .0815 

.0218 

0 

.0005 

1 .0959 

1 .0860 

.0015 

2 

.0363 

1 .0910 

1 .0807 

-.0231 

4 

.0660 

1 .0860 

1 .0752 

-.0417 

6 

.0991 

1 .0772 

1 .0666 

-.0630 

8 

.1294 

1 .0522 

1 .0422 

-.0824 

10 

.1613 

1 .0324 

1 .0232 

-.1038 

12 

.1852 

1.0076 

.9987 

-.1208 

r n/ r b = °- 50 

-4 

-0.0592 

1 .0702 

1 .0631 

0.0365 

-2 

-.0247 

1 .0728 

1 .0664 

.0167 

0 

.0057 

1 .0760 

1 .0698 

-.0023 

2 

.0313 

1 .0711 

1 .0647 

-.0165 

4 

.0741 

1 .0671 

1 .0599 

-.0432 

6 

.1035 

1 .0571 

1 .0489 

-.0627 

8 

.1302 

1 .0438 

1 .0351 

-.0781 

10 

.1625 

1 .0266 

1 .0175 

-.1006 

12 

.1927 

1 .0046 

.9955 

-.1202 
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TABLE II.- Continued 


( c ) 0 = 60 ° 


a , deg 

c N 

C A ,corr 

c A 

Cm 

r nAb = 0 

-4 

- 0.0093 

1 .3809 

1 .3690 

0.0101 

-2 

-.0031 

1 .3821 

1 .3708 

.0062 

0 

.0077 

1 .3857 

1 .3747 

-.0026 

2 

.0201 

1.3902 

1 .3791 

-.0099 

4 

.0259 

1 .3836 

1 .3719 

-.0163 

6 

.0311 

1.3757 

1 .3635 

-.0222 

8 

.0436 

1 .3594 

1 .3470 

-.0334 

10 

.0509 

1.3463 

1 .3340 

-.0404 

12 

.0671 

1 .3233 

1.3112 

-.0543 

r n/ r b = 0.25 

-4 

- 0.0108 

1 .3870 

1 .3756 

0.0108 

-2 

-.0017 

1 .3921 

1 .3812 

.0036 

0 

.0050 

1 .3920 

1 .3813 

-.0023 

2 

.0115 

1 .3906 

1 .3799 

-.0078 

4 

.0197 

1 .3860 

1 .3747 

-.0148 

6 

.0277 

1 .3772 

1 .3657 

-.0213 

8 

.0373 

1 .3646 

1 .3530 

-.0294 

10 

.0512 

1 .3467 

1 .3354 

-.0406 

12 

.0632 

1.3318 

1 .3209 

-.0507 

r n/ r b = 0.50 

-4 

- 0.0126 

1 .3773 

1 .3653 

0.0122 

-2 

-.0061 

1 .3895 

1 .3782 

.0073 

0 

.0018 

1 .3889 

1 .3782 

-.0001 

2 

.0086 

1 .3864 

1 .3758 

-.0051 

4 

.0156 

1 .3804 

1 .3693 

-.0112 

6 

.0260 

1 .3688 

1 .3573 

-.0188 

8 

.0376 

1 .3580 

1 .3463 

-.0293 

10 

.0475 

1 .3446 

1 .3331 

-.0373 

12 

.0622 

1 .3213 

1 .3101 

-.0495 
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TABLE II.- Concluded 


(d) 0 = 70° 


a, deg 

C N 

c A,corr 

c A 

Cm 

r n/ r b “ 0 

-4 

-0.0050 

1 .4620 

1 .4491 

0.0096 

-2 

.0004 

1 .4695 

1 .4574 

.0036 

0 

.0044 

1 .4778 

1 .4664 

-.0024 

2 

.0061 

1 .4749 

1 .4635 

-.0056 

4 

.0103 

1 .4656 

1 .4537 

-.0112 

6 

.0157 

1 .4623 

1 .4500 

-.0167 

8 

.0232 

1 .4590 

1 .4465 

-.0249 

10 

.0317 

1.4474 

1 .4352 

-.0340 

12 

.0427 

1 .4323 

1 .4205 

-.0453 

r n/ r b =0.25 

-4 

-0.0062 

1 .4727 

1.4610 

0.0117 

-2 

.0001 

1 .4787 

1 .4679 

.0044 

0 

.0027 

1 .4742 

1 .4641 

.0006 

2 

.0058 

1 .4747 

1 .4647 

-.0045 

4 

.0099 

1 .4743 

1 .4636 

-.0090 

6 

.0146 

1.4741 

1 .4628 

-.0146 

8 

.0233 

1 .4671 

1 .4557 

-.0237 

10 

.0328 

1 .4534 

1 .4423 

-.0342 

12 

.0413 

1 .4461 

1 .4354 

-.0429 

r nAb = 0- 50 

-4 

-0.0042 

1 .4722 

1 .4605 

0.0087 

-2 

.0004 

1 .4782 

1.4674 

.0026 

0 

.0035 

1.4718 

1 .4616 

-.0016 

2 

.0076 

1 .4716 

1.4613 

-.0070 

4 

.0118 

1 .4682 

1 .4573 

-.0118 

6 

.0167 

1 .4651 

1 .4538 

-.0174 

8 

.0244 

1 .4572 

1 .4457 

-.0256 

10 

.0339 

1 .4450 

1 .4338 

-.0354 

12 

.0442 

1 .4420 

1 .4312 

-.0461 
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■ 

r b , cm 

l , cm 


2.536 

4.382 


2.529 

3.759 


2.530 

3.124 


2.543 

2.540 


2.531 

2.281 


2.539 

2.022 


2.540 

1.466 


2.531 

1.367 


2.543 

1.275 


2.537 

.930 


2.545 

.884 


2.544 

.846 


Cone models . 


tested 













































(b) Cylindrical models. (All dimensions in cm.) 
Figure 1 .- Concluded. 
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Figure 2.- Photograph of cone models tested. 


Helium 

»=£> 


flow 



Figure 3.- Sketch of test setup. 
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Figure 4.- Example of electron-beam photograph. 


Sonic line 



Figure 5.- Examples of local flow combinations for sharp and spherically blunted cones at 



Measured 



Measured and predicted shock shapes for sharp cones 






o Measured 


Predictions 


— References 12 and 14 

— References 12 and 14 including 
effect of 6* 











References 16, 18, and 19 



Figure 7.- Measured and predicted shock shapes for spherically blunted cones at 


6 = 30°; r n /r b =0.50 


Figure 7.- Continued. 













o Measured 
Predictions 





(g) e = 70°; r n /r b = 0.25. 
Figure 7 *“ Continued. 




xl r. 
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Figure 8.- Measured and predicted shock shapes for a flat-faced cylinder 

(0 = 90°) at a = 0°. 
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x/ r. 

D • 

(a) 0 = 30°. 


Figure 10.- Measured and predicted shock shapes for sharp cones at a = 10° 
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a, deg 

(a) 0 = 30°. 

Figure 13.- Measured and predicted static aerodynamic coefficients for 

sharp cones. 























O Measured 
a Measured <C A corr ) 

Predictions 
x Reference 19 
* Reference 21 



(e) 8 = 60°; r n /r b = 0.25. 


Figure 14.- Continued. 
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a, beg 

Figure 15.- Effect of nose bluntness on static aerodynamic coefficients 

of a 30° cone. 
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Figure 16.- Effect of nose bluntness on static aerodynamic coefficients 

of a 45° cone. 


69 






a, deg 


Figure 17.- Effect of nose bluntness on static aerodynamic coefficients 

of a 60° cone. 
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a, deg 


Figure 18.- Effect of nose bluntness on static aerodynamic coefficients 

of a 70° cone. 
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